1. Introduction {#s0005}
===============

While primary (de novo) neuroendocrine prostate cancer (NEPC) is extremely rare, accounting for \~1% of all prostate cancers (PCa) \[[@bb0045]\], treatment-induced NEPC (t-NEPC) is more prevalent in patients who have a history of adenocarcinoma (AdPC), and have received single or multiple rounds of hormonal therapy, radiation therapy, or chemotherapy \[[@bb0120]\]. T-NEPC is responsible for approximately 25% of PCa-related deaths \[[@bb0010],[@bb0110],[@bb0160]\]. Because t-NEPC is highly aggressive and metastatic, once a diagnosis is confirmed patient survival is only \~7 months \[[@bb0170]\]. Beyond systematic chemotherapy, no targeted therapy is currently available due to our limited knowledge on the molecular underpinning of t-NEPC development.

At this time, a consensus on how AdPC is transformed into t-NEPC has not been reached. However, multiple hypotheses have been proposed including that t-NEPC originates from: i) PCa stem-like cells that retain traits of resistance to apoptosis under anti-cancer therapy, self-renewal, and invasion \[[@bb0145]\]; ii) AdPC cells that undergo NE differentiation followed by t-NEPC tumorigenesis \[[@bb0025],[@bb0100],[@bb0195]\]; or iii) benign prostatic neuroendocrine cells that acquire tumorigenesis capacity \[[@bb0130]\]. Whole-exome sequencing had revealed that t-NEPC and AdPC cells in patients have similar genetic mutation landscapes, including the distribution of non-silent point mutations, polyploidy, and somatic copy-number genomic burden \[[@bb0025],[@bb0100]\]. These findings support that t-NEPC is likely derived from AdPC.

Because AdPC and t-NEPC share similar genomic features but have dramatically different transcriptomes, we hypothesized that alternative RNA splicing may play a key role in AdPC progression to t-NEPC. Through analyzing published whole-transcriptome sequencing data sets from two patient cohorts \[[@bb0020],[@bb0065]\] and paying particular interests in identifying RNA splicing events that are unique to t-NEPC, we have identified a t-NEPC specific RNA splicing signature that is predominantly controlled by the RNA splicing factor, SRRM4 \[[@bb0095]\]. We have further demonstrated that SRRM4 not only induces a NEPC transcriptome and neuroendocrine (NE)-like morphology to AdPC cells, but more importantly transforms AdPC cells into NEPC xenografts \[[@bb0095]\]. We have subcutaneously inoculated LNCaP cells that overexpress SRRM4 into castrated nude mice continuously for five passages over 18 months, and generated a series of t-NEPC xenograft models, called LnNE \[[@bb0090]\]. These LnNE tumors express strong NE markers and present with NEPC morphology. Tumors at later passages grow more aggressively and become androgen-insensitive and PSA negative \[[@bb0090]\]. These features mimic the characteristics of AdPC progression to t-NEPC in patients. Together, these findings highlight that SRRM4 is a clinically relevant driver gene of t-NEPC by regulating alternative RNA splicing of multiple genes. Therefore, further characterization of these SRRM4 target genes would help understand how AdPC progresses into t-NEPC in patients.

Since t-NEPC develops after patients are given anti-cancer therapies for AdPC, we speculate that the AdPC cells that give rise to t-NEPC should have phenotypes that render them resistant to therapy-induced cell death. Through investigating the SRRM4 transcriptome, we have found that an apoptotic-associated gene, Bax interacting factor-1 (Bif-1), undergoes alternative RNA splicing in t-NEPC. There are three major splice variants of the Bif-1 gene in human cells \[[@bb0030],[@bb0115],[@bb0125]\]. Inclusions of exons 6s and 7, or exons 6l and 7, into Bif-1a (NM_016009.4) mRNA give rise to Bif-1b (NP_001193581) and Bif-1c (XP_006710735), respectively. Most studies on the Bif-1 gene have been focused on Bif-1a, since it is the predominant variant in non-neuronal cells \[[@bb0030],[@bb0150]\]. Bif-1a and Bax are pro-apoptotic proteins that are localized in the cytosol in their inactive forms. When activated by apoptotic stimuli, they are translocated to the mitochondrial membrane for mitochondria-mediated apoptosis \[[@bb0030]\]. Bif-1a was reported to either activate Bax to promote mitochondrial outer membrane permeabilization \[[@bb0040],[@bb0150]\], or self-oligomerize independent of Bax to form pores on the mitochondrial membrane and cause apoptosis \[[@bb0140]\]. In neuronal cells, Bif-1b and Bif-1c are the predominant forms of the Bif-1 gene, and their cellular functions are relatively unclear. However, Morrison et al. reported that Bif-1 in neuronal cells promotes cell viability and maintains mitochondrial morphology \[[@bb0165]\]. Together, these findings implied that Bif-1 splice variants may have opposite effects to cell apoptosis. Therefore, this study aimed to characterize the function of alternative RNA splicing of the Bif-1 gene in PCa cells during t-NEPC development.

2. Materials and Methods {#s0010}
========================

2.1. Ethics Approval and Consent to Participate {#s0015}
-----------------------------------------------

Studies involving human data or human tissues were approved by the Research Ethics Committee of the University of British Columbia (H09-01628) and performed according to relevant guidelines and regulations expressed in the Declaration of Helsiniki. Informed consent was obtained from all participating individuals.

2.2. RNA-seq Data from PCa Patients {#s0020}
-----------------------------------

Whole transcriptome sequencing data from two Vancouver Prostate Centre (VPC) and Beltran patient cohorts as well as the LnNE tumor models are from our previous publications \[[@bb0020],[@bb0065],[@bb0090]\].

2.3. Tissue Microarrays (TMAs) {#s0025}
------------------------------

Prostate tumor samples were extracted from the VPC tissue bank and used to build a castration-resistant PCa TMA, as previously reported \[[@bb0085],[@bb0180]\]. This TMA contains 64 tissue cores from 32 patients who had received hormonal therapy, chemotherapy or radiotherapy. The recurred tumors were removed by transurethral resection prostatectomy to relieve lower urinary tract symptoms. This TMA also contains two brain tissue cores from donors.

2.4. RNA In Situ Hybridization (RISH) and Immunohistochemistry (IHC) {#s0030}
--------------------------------------------------------------------

The RISH probes targeting the 952--1003 bp of NM_001206652.1 for both Bif-1b and -1c variants, and the 496--835 bp of NM_194286.3 for SRRM4 were designed by Advanced Cell Diagnostic (Hayward, USA). A probe targeting the dapB gene of bacteria was used as a negative control probe. RISH assays were performed using the BaseScope™ assay kit following manufacture\'s instruction. IHC was performed by Ventana Discovery XT (Ventana) using a DAB MAP kit, as previously reported \[[@bb0085],[@bb0180]\]. A Leica SCN400 scanner to form digital images scanned all stained slides.

Positive RISH signals were presented as red dots under 40 × magnification. RISH signals were scored as 0 if no positive signal; 1 if RISH signals were positive in ≤ 20% of all cells within a core; and 2 if RISH signals were positive in \> 20% of the cells in the entire tissue core. RISH positive cells with a score of 1 usually have ≤ 2 RISH dots/cell, and RISH positive cells with a score of 2 usually have multiple dots that can merge into dot clusters. IHC scores of CHGA, SYP, CD56, AR, and PSA were calculated by IHC signal intensity (no, low, medium, and high as 0--3) multiplied by the percentage of positive cells (0--100%). IHC scores ≥ 0.3 were considered to be positive.

The histology of castration-resistant tumors is classified either as AdPC, small cell neuroendocrine carcinoma (SCNC), or AdPC with abundant neuroendocrine cells (AdNC). AdPC contains tumor cells that form glandular structures. Comparing to benign prostate glands, AdPC glands are smaller, more compacted, and homogeneous. AdPC cells are large, with vesicular nuclei and prominent nucleoli. AdPC have rare NE cells. SCNC contain only NE tumor cell populations that grow as solid sheets, cords, or individual cells without glandular formation. The tumor cells exhibit NE features including hyperchromatic nuclei, finely granular and homogenous chromatin pattern, and no nucleoli. Cells have scant cytoplasm and high nucleus:cytoplasm ratios. SCNC often contain areas of necrosis and crush artifact. Mitotic and apoptotic figures are frequent. AdNC are more histologically similar to AdPC than to SCNC, but cannot be classified as typical AdPC or SCNC. These tumors contain mixed cell populations with a large number (\> 10%) of NE cells.

2.5. PCa Cell Models and Patient Derived Xenografts {#s0035}
---------------------------------------------------

LNCaP, 22RV-1, PC-3, DU145, NCI-H660 PCa cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Dr. Rennie from the Vancouver Prostate Centre generously provided C4-2 and 293 T cell lines. LNCaP95 cells were a kind gift from Dr. Alan Meeker of Johns Hopkins University. Cell culture conditions were described before \[[@bb0070], [@bb0075], [@bb0080], [@bb0085],[@bb0095],[@bb0105]\]. AdPC and NEPC patient derived xenografts (PDXs) were previously reported \[[@bb0100]\] and shared by Dr. Yuzhuo Wang from Vancouver Prostate Centre.

2.6. PCR and Immunoblotting Assays {#s0040}
----------------------------------

Real-time qPCR and immunoblotting arrays were performed as previously reported \[[@bb0105]\]. Information on primers and antibodies is listed in Tables S1 and 2, respectively. Experiments were repeated at least three times.

2.7. siRNA and DNA Transient Transfection {#s0045}
-----------------------------------------

Cells were transfected with control siRNA (Dharmacon) and siRNA SMARTpool targeting total Bif-1 (\#L-017086-00-0005, Dharmacon) and SRRM4 (\#L-019322-02-0005, Dharmacon) using Lipofectamine RNAiMAX (Invitrogen). Lipofectamine 3000 (Invitrogen) and SuperFect Transfection Reagent (QIAGEN) were used for plasmid transfection. Expression vectors for SRRM4, PTB, ASF/SF2, PSF, U2AF65, hnRNP A1 were previously described \[[@bb0070],[@bb0105]\].

2.8. In Vivo RNA Binding Assays {#s0050}
-------------------------------

In vivo RNA binding assays were performed as we reported previously \[[@bb0070],[@bb0095],[@bb0105]\]. Briefly, LNCaP cells were transfected with Flag-tagged SRRM4 plasmid, followed by formaldehyde treatment to crosslink SRRM4 with its RNA substrates. After immunoprecipitation of SRRM4, eluted RNA fragments were used as templates to measure the enrichment of SRRM4 binding sites at the Bif-1 gene. Data were from three replicated experiments.

2.9. Construction of Expression Plasmids and PCa Cell Lines by Lentiviral Approaches {#s0055}
------------------------------------------------------------------------------------

Construction of lentivirus vector followed the procedure as we reported \[[@bb0085],[@bb0095]\]. The pEGFP-N2-Bif-1a plasmid was kindly provided by Dr. Hong-Gang Wang (Penn State University College of Medicine), and was used as the template to clone the cDNA of Bif-1a, -1b, and -1c into the pCMV2 for transient transfection, and pDONR221 and pFUGWBW vectors for lentivirus infections as we reported \[[@bb0175]\]. LNCaP, PC-3 and C4-2 cells were infected with lentivirus encoding control or Bif-1 variants followed by blasticidin selection. Sanger sequencing was used to validate all expression vectors.

2.10. Statistics {#s0060}
----------------

Statistical analysis was performed using the GraphPad Prism 5.01 software (GraphPad Software, CA, USA). Differences between the two groups were compared by unpaired student *t*-test. One-way ANOVA followed by a Newman-Keuls multiple comparison test was used to compare differences among multiple groups. The proportion of Bif-1b/-1c RISH scores among different tumor groups was compared based on Fisher exact test. Person correlation analysis was employed to test the correlation between RISH scores and IHC scores, and between RISH scores and number of positive NE markers. The sensitivity and specificity of Bif-1b/-1c to detect t-NEPC were calculated as described \[[@bb0005]\]. The levels of significance were set at *p* \< 0.05 as \*, *p* \< 0.01 as \*\* and *p* \< 0.001 as \*\*\*.

3. Results {#s0065}
==========

3.1. Whole-transcriptome Sequencing Identifies Alternative RNA Splicing of the Bif-1 Gene in t-NEPC {#s0070}
---------------------------------------------------------------------------------------------------

Three whole-transcriptome sequencing data sets all indicated that the neural-specific variants of Bif-1b and Bif-1c were expressed at extremely low levels in AdPC, but were dramatically upregulated in t-NEPC ([Fig. 1](#f0005){ref-type="fig"}a). These data are from: i) the VPC cohort that contains 31 AdPC and 7 NEPC samples \[[@bb0100]\]; ii) the Beltran cohort that contains 30 AdPC and 6 NEPC patient samples \[[@bb0020]\]; and 3) triplicate RNA samples from LNCaP and LnNE cell models \[[@bb0095]\]. In both the VPC and Beltran patient cohorts, there is a 42--52% decrease in Bif-1a mRNA levels in t-NEPC comparing to AdPC patient samples. However, Bif-1b and Bif-1c mRNA levels in t-NEPC are 16--31 fold of that in AdPC, resulting in moderate increases of total Bif-1 mRNA levels in t-NEPC (*p* \< 0.05) ([Fig. 1](#f0005){ref-type="fig"}b). Consistent results were found in the LnNE model. There is a 63% reduction of Bif-1a, and 28 fold induction of Bif-1b and Bif-1c expression in LnNE cells compared to that in LNCaP cells, resulting in a 1.8 fold induction of total Bif-1 mRNA. Stronger changes in alternative RNA splicing of the Bif-1 gene in the LnNE model may be explained by the fact that this model represents one sub-population of PCa cells in t-NEPC. Together, these RNA sequencing results indicated that the upregulation of Bif-1b and Bif-1c is accompanied by the downregulation of Bif-1a during AdPC progression to t-NEPC. These data suggest that alternative RNA splicing of the Bif-1 gene may contribute to t-NEPC development.Fig. 1RNA Sequencing data show alternative RNA splicing of the Bif-1 gene in t-NEPC.(a) Illustration of three spliced variants of the Bif-1 gene and the position of exons - Bif-1a (non-neural variant), and Bif-1b and Bif-1c (neural-specific variants). Bif-1b contains a shorter version of exon 6 (6s), whereas Bif-1c contains a longer version of exon 6 (6l). Integrative Genomics Viewer (IGV) was used to visualize the coverage of Bif-1 variants in AdPC and t-NEPC patient tumors, patient-derived xenografts (PDXs) and cell models.(b) RNA-seq results showed the expression of each Bif-1 variants and total Bif-1 gene expression in AdPC and t-NEPC patient tumor samples, PDXs or cell lines. Student *t*-test \*\*\*denotes *p* \< 0.001, \*\*denotes *p* \< 0.01 and \*denotes *p* \< 0.05; AdPC, prostate adenocarcinoma; t-NEPC, treatment-related neuroendocrine prostate cancer; VPC, Vancouver Prostate Centre.Fig. 1

3.2. Bif-1b and Bif-1c Expression is Highly Correlated With t-NEPC in Patients {#s0075}
------------------------------------------------------------------------------

Currently, there are no Bif-1 antibodies that recognize Bif-1b and Bif-1c specifically in IHC. When compared to Bif-1a, Bif-1b and Bif-1c have an additional 21 and 37 amino acids in sequence, respectively. To confirm our RNA-sequencing results and study the expression of Bif-1b and Bif-1c in association with t-NEPC, we developed the RISH technique using a probe targeting the junction of exons 7 and 8, which is shared by both Bif-1b and Bif-1c. Several control experiments were performed to validate the specificity of the probe (Figs. S1--2). RISH assays were performed: 1) on Bif-1b/Bif-1c positive tissues from NCI-H660 and LnNE xenografts, and human brain; 2) on Bif-1b/-1c negative tissues from LNCaP adenocarcinoma xenograft; and 3) by using a negative control RNA probe that does not cross-react to any human RNA. RISH signals for Bif-1b/-1c were seen as red dots or dot clusters.

Among castration-resistance tumors, Bif-1b/-1c was detected in 28% (18/64) of tissue cores ([Fig. 2](#f0010){ref-type="fig"}a). There were six SCNC cores that were CHGA, SYP and CD56 triple positive, and AR and PSA double negative. All of these cores were Bif-1b/-1c positive, and five of them had RISH scores of 2. There were 6 AdNC tissue cores that were all CHGA and SYP positive. Three of these cores were AR positive, and one was AR and PSA double positive. These AdNC cores showed mixed SCNC and AdPC phenotypes, suggesting an ongoing transition from AdPC to SCNC. We observed that all AdNC cores were Bif-1b/-1c positive. Bif-1b/-1c were also expressed in six AR positive AdPC tissue cores, among which three expressed at least one NE marker.Fig. 2The expression of neural-specific Bif-1 variants correlate with t-NEPC.(a) A RISH probe targeting the junction between exons 7 and 8 is unique to neural-specific variants of the Bif-1 gene and is applied on castration-resistant PCa TMA. IHC assays using CHGA, SYP, CD56, AR and PSA antibodies were performed on the TMA. RISH and IHC scores as well as tumor histology were evaluated as described in the Methods section. Each column represents one of the 64 tissue cores from 32 patients. IHC scores ≥ 0.3 are considered as positive. Representative RISH and IHC images are presented.(b--c) Castration-resistant tumor cores were grouped according their histology into SCNC, AdNC and AdPC. Distributions of RISH scores of neural-specific Bif-1 variants in each tumor group are plotted ("a" means significant difference with the other two groups, *p* \< 0.001).(d) Scattered plots show RISH scores of neural-specific Bif-1 variants in association with the numbers of positive NE markers by Pearson\'s Chi-square test.Fig. 2

Statistical analyses indicated that Bif-1b/-1c expression is increased in SCNC and AdNC ([Fig. 2](#f0010){ref-type="fig"}b--c). The Bif-1b/-1c expression is positively correlated not only with IHC scores of CHGA, SYP and CD56 (Pearson correlation *r* = 0.7977, 07903 and 0.6993, respectively; *p* \< 0.0001), but also with the numbers of NE markers (*r* = 0.8255, *p* \< 0.0001) ([Table 1](#t0005){ref-type="table"} & [Fig. 2](#f0010){ref-type="fig"}d). Moreover, Bif-1b/-1c expression is negatively, but weakly, correlated with AR (*r* = −0.4752, *p* \< 0.0001) and PSA (*r* = −0.3335, *p* = 0.0071) ([Table 1](#t0005){ref-type="table"}). If NEPC is defined as SCNC and AdNC, the sensitivity of Bif-1b/-1c to detect t-NEPC is 1.00 (95%CI: 0.923--1.00) and the specificity is 0.885 (95%CI: 0.766--0.957) ([Table 2](#t0010){ref-type="table"}), indicating that all NEPC are Bif-1b/-1c positive, and approximately 12% Bif-1b/-1c positive tumors are not NEPC. However, it remains to be determined whether these 12% Bif-1b/-1c positive tumors will later develop into t-NEPC. Together, these results indicate that Bif-1b/-1c expression is highly correlated with t-NEPC development.Table 1The correlation of Bif-1b/-1c with the markers for AdPC and NEPC. Bif-1b/-1c expression is positively correlated with IHC scores of CHGA, SYP and CD56, and negatively correlated with that of AR and PSA (Person correlation analysis).Table 1Correlation with Bif-1b/-1cPearson r value*p* valueCHG A0.7977\<0.0001SYP0.7903\<0.0001CD560.6993\<0.0001AR−0.4752\<0.0001PSA−0.33350.0071Table 2The sensitivity and specificity of Bif-1b/-1c to detect t-NEPC. If t-NEPC here is defined as SCNC and AdNC, Bif-1b/-1c has high sensitivity and specificity to detect t-NEPC (Fisher exact test *p* \< 0.0001).Table 2Bif-1b/-1cAdPCt-NEPCSensitivitySpecificity+6121 (0.923--1)0.885 (0.766--0.957)−460

3.3. Bif-1b and Bif-1c Expression Correlate With NEPC PDXs and Cell Models {#s0080}
--------------------------------------------------------------------------

We have designed real-time PCR primers that target exon junctions specific to the three Bif-1 variants ([Fig. 3](#f0015){ref-type="fig"}a). Consistent with RNA sequencing results from t-NEPC patients, the mRNA levels of Bif-1a are downregulated, while Bif-1b and Bif-1c levels are dramatically upregulated in t-NEPC PDXs. Particularly, the 331-7R PDX was derived from 331-7 that presented with typical AdPC histology, but developed into t-NEPC by castration surgery. The conversion of Bif-1a to Bif-1b/-1c proteins was further validated by immunoblotting assays with a Bif-1 antibody against all Bif-1 variants ([Fig. 3](#f0015){ref-type="fig"}b). Real-time PCR assays showed that reduced Bif-1a and enhanced Bif-1b/-1c in both mRNA and protein levels in our LnNE model ([Fig. 3](#f0015){ref-type="fig"}c--d). Furthermore, both Bif-1b and Bif-1c mRNA and protein levels are at extremely low levels in all commonly used AdPC cell lines ([Fig. 3](#f0015){ref-type="fig"}e--f), but are highly expressed in the well established NEPC cell model, NCI-H660. Collectively, our results indicated that the neural-specific Bif-1b and Bif-1c variant expression by alternative RNA splicing of the Bif-1 gene is dramatically upregulated in t-NEPC PDXs and cell models, similar to the RNA sequencing findings from patient tumors.Fig. 3Bif-1b and Bif-1c expression in t-NEPC PDXs and cell models.(a) Primers were designed to detect Bif-1a, Bif-1b and Bif-1c specifically as shown. MRNA levels of each Bif-1 variant were measured in seven PDXs.(b) Protein lyses extracted from 331-7 (AdPC) and its paired 331-7R (t-NEPC) were used to measure Bif-1 protein levels by immunoblotting.(c--d) Total RNA and whole cell lysates were extracted from LNCaP and LnNE cell models to measured Bif-1 splice variants.(e--f) The expressions of Bif-1 splice variants in AdPC and NEPC cell lines were measured by real-time PCR and immunoblotting assays.Experiments were repeated at least three times. Only one set of the representative immunoblots is shown. Statistical analyses were performed by unpaired student\'s *t*-test with (\*denotes *p* \< 0.05 and \*\*\*denotes *p* \< 0.001).Fig. 3

3.4. SRRM4 Regulates Alternative RNA Splicing of the Bif-1 Gene in PCa Cells {#s0085}
----------------------------------------------------------------------------

Because Bif-1b/-1c were identified from the t-NEPC specific RNA splicing signature that is predominantly controlled by SRRM4, we performed RISH assays to evaluate the association of Bif-1b/-1c with SRRM4 expression in t-NEPC patients ([Table 3](#t0015){ref-type="table"} & [Fig. 4](#f0020){ref-type="fig"}a). In the castration-resistant TMA, matched tissue cores showed a strong positive correlation between SRRM4 and Bif-1b/-1c expression (Pearson correlation *r* = 0.9199, *p* \< 0.0001). Among the 6 SCNC cores, five had both SRRM4 and Bif-1b/-1c RISH scores of 2 and one had a score of 1 (Table S3). All 6 AdNC tissue cores were SRRM4 and Bif-1b/-1c positive, and 46 out of the 52 AdPC scores were both SRRM4 and Bif-1b/-1c negative.Fig. 4SRRM4 regulates alternative RNA splicing of the Bif-1 gene.(a) Matched tissue cores detected SRRM4 and neural-specific Bif-1 variants in PCa tumor samples.(b) Real-time qPCR measured mRNA levels of Bif-1 variants in DU145 cells stably expressing control (Ctrl) or SRRM4.(c) A representative image showed results from regular PCR to detect all Bif-1 variants in DU145 cells stably expressing Ctrl or SRRM4.(d) Protein lyses from DU145 cells stably expressing Ctrl or SRRM4 were used to measure Bif-1 protein levels by immunoblotting assays.(e) LNCaP cells were transiently transfected with six RNA splicing factors. Total RNA was extracted to measure the mRNA levels of Bif-1 variants by real-time PCR.(f) VCaP cells with SRRM4 endogenous expression were transfected with Ctrl or SRRM4 siRNA for 48 h. Total RNA was extracted to measure the mRNA levels of SRRM4 and Bif-1 variants by real-time PCR.(g) LNCaP cells were transfected with Flag-SRRM4 plasmids. In vivo RNA binding assays were performed using Flag antibody. Eluted RNA fragments were used as templates to perform real-time PCR to measure SRRM4 recruitment to the indicated region. Experiments were repeated three times, and one-way ANOVA or unpaired *t*-test were performed with \*denotes *p* \< 0.05, \*\*denotes *p* \< 0.01 and \*\*\*denotes *p* \< 0.001.Fig. 4Table 3The association of Bif-1b/-1c and SRRM4 in t-NEPC patients. Bif-1b/-1c expression is positively correlated with RISH scores of SRRM4 (Pearson correlation *r* = 0.9292 *p* \< 0.0001).Table 3Bif-1b/-1cRISH Score012SRRM40461010912025

To investigate whether SRRM4 regulates Bif-1 gene splicing, SRRM4 was introduced to DU145 cells. Real-time PCR showed a 50% reduction of Bif-1a, and 70 and 20 fold induction of Bif-1b and Bif-1c mRNA levels in these cells ([Fig. 4](#f0020){ref-type="fig"}b). These expression changes were also supported by reverse transcription PCR using a pair of primers at exons 5 and 8 that amplified all splice variants of the Bif-1 gene ([Fig. 4](#f0020){ref-type="fig"}c), and was further validated by immunoblotting with the Bif-1 antibody ([Fig. 4](#f0020){ref-type="fig"}d). We also introduced SRRM4 and five other RNA splicing factors into LNCaP cells and observed that only SRRM4 can promote Bif-1 RNA splicing ([Fig. 4](#f0020){ref-type="fig"}e). Furthermore, SRRM4 knockdown by siRNA was accompanied with an upregulation of Bif-1a (*p* \< 0.05) and a downregulation of Bif-1b and Bif-1c (*p* \< 0.01) in SRRM4 positive VCaP cells ([Fig. 4](#f0020){ref-type="fig"}f). Lastly, in vivo RNA binding assays were performed on LNCaP cells transfected with SRRM4. SRRM4 was recruited to the regions next to the 3′ splice sites of Bif-1 intron 5 and intron 6 (designated as P1 and P2, respectively), but not the control region (designated as P3) in the GAPDH gene ([Fig. 4](#f0020){ref-type="fig"}g). These results indicated that SRRM4 recruitment to the Bif-1 pre-mRNA promotes alternative RNA splicing to generate neural variants of Bif-1b and Bif-1c.

3.5. Bif-1b and Bif-1c Have Opposite Effects to Bif-1a to PCa Cell Apoptosis {#s0090}
----------------------------------------------------------------------------

To assess the impacts of Bif-1 splice variants on PCa cell apoptosis, we first treated LNCaP cells with either androgen deprivation for 0--12 days or 0.2 μM of camptothecin (CPT) for 0--48 h. LNCaP cells express only Bif-1a, which can be upregulated by either androgen deprivation or CPT in a time-dependent manner ([Fig. 5](#f0025){ref-type="fig"}a--b). Bif-1a expression was also induced by UV light irritation (Fig. S3a). We observed that these treatments also induced neuroendocrine differentiation of PCa cells, shown by reduced luminal epithelial markers and increased neuroendocrine markers (Fig. S3b). However, SRRM4 was not induced by any treatment in these cells. To confirm whether Bif-1a is pro-apoptotic, as reported in other cell contexts, we showed that Bif-1a RNA depletion in LNCaP (Bif-1a high cell line ([Fig. 3](#f0015){ref-type="fig"}f)) cells resulted in less apoptotic responses, while overexpression of Bif-1a in PC-3 cells (Bif-1a low cell line) resulted in enhanced apoptotic responses under CPT treatment as shown by cleave PARP1 (cPARP) levels ([Fig. 5](#f0025){ref-type="fig"}c--d). These results indicate that Bif-1a expression is upregulated by stress conditions, and can sensitize stress-induced PCa cell apoptosis.Fig. 5Bif-1b and Bif-1c have opposite effects to Bif-1a in PCa cell apoptosis.(a--b) LNCaP cells were treated with 10% charcoal-stripped serum (CSS) for 0--12 days or treated with CPT for 0--48 h. Total RNA and whole cell protein were extracted to measure Bif-1a mRNA and protein levels, respectively. One-way ANOVA followed by a Newman-Keuls multiple comparison test was used (\*\*denotes *p* \< 0.01 and \*\*\*denotes *p* \< 0.001).(c) LNCaP cells were transfected with control or Bif-1 siRNA for 24 h, and then treated with 8 μM CPT for 24 h. Cleaved PARP, Bif-1 and vinculin expression were measured by immunoblotting.(d) PC-3 cells were transfected with control or Bif-1a expression vector, and treated with 8 μM CPT for 48 h. Cleaved PARP, Bif-1 and vinculin expression were measured by immunoblotting.(e--f) LNCaP cells were transiently transfected with 0, 2, 4, or 6 μg of Bif-1b or Bif-1c vector, and then treated with or without 8 μM CPT for 24 h in (e); C4-2 and PC-3 cells were infected by lentivirus encoding control, Bif-1b or Bif-1c (f). After blasticydin selection, cells were treated with 8 μM CPT for 24 h to C4-2 cell or 48 h to PC-3 cells. Cleaved PARP, Bif-1 and vinculin expression were measured by immunoblotting.(g--i) DU145 cells were infected with by lentivirus encoding control or SRRM4. After blasticydin selection, cells were treated with 8 μM CPT for 24 h in (g). DU145 control (h) or DU145(SRRM4) (i) cells were transfected with Bif-1 siRNA and treated with 16 μM CPT for 48 h. Cleaved PARP, Bif-1 and vinculin expression were measured by immunoblotting.Fig. 5

When LNCaP cells were transfected with increasing doses of Bif-1b or Bif-1c expression vectors and then treated with CPT, cell apoptosis responses were alleviated ([Fig. 5](#f0025){ref-type="fig"}e). Similar results were also observed in PC3, C4-2 and LNCaP cells that enhanced Bif-1b or Bif-1c expression reduced cPARP levels in cells under CPT or UV light exposure ([Figs. 5](#f0025){ref-type="fig"}f & S4). The opposite effects of Bif-1 splice variants to PCa cell apoptosis were further validated in DU145 cells ([Fig. 5](#f0025){ref-type="fig"}g--i). The control DU145 cells only expressed Bif-1a variant. When these cells were transfected with either control or Bif-1 siRNA and treated with CPT, cPARP levels decreased. In contrast, Bif-1b/-1c are the predominant splice variants of the Bif-1 gene in SRRM4 overexpressed DU145 cells (a NEPC cell model (Fig. S5)). RNA depletion of the Bif-1 gene increased cPARP levels. Together, these studies indicated that Bif-1a and Bif-1b/-1c have opposite effects on PCa cell apoptosis.

4. Discussion {#s0095}
=============

T-NEPC is a clinical presentation of tumor plasticity when tumor cells encountering anti-cancer therapies. To survive hormonal, radiation or chemical therapies, tumor cells have to first development mechanisms to become resistant to therapy-induced cell death before they can undergo neuroendocrine differentiation and subsequent NEPC establishment. In this context, our study demonstrated that alternative RNA splicing of the Bif-1 gene converts pro-apoptotic Bif-1a into anti-apoptotic Bif-1b and Bif-1c variants, and that this process is controlled by the neural-specific splicing factor SRRM4, which had been previously demonstrated a driver gene of t-NEPC. These findings highlight how alternative RNA splicing of apoptosis-associated genes, such as Bif-1, controls cell destination and can play a critical role during the development of therapy-resistant diseases. Whether interrupting these splicing processes would provide new avenues to treat t-NEPC warrants further investigation.

How alternative RNA splicing regulates the apoptotic property of Bif-1 splice variants remains to be determined. Bif-1 proteins have an N-BAR (Bin-amphiphysin-Rvs) domain in their N-terminus and a Src homology 3 (SH3) domain at their C-terminus. While the SH3 domain is shared among all Bif-1 members, Bif-1b and Bif-1c have altered N-BAR domains due to alternative RNA splicing. The Bif-1a N-BAR domain has been demonstrated to promote cellular apoptosis through multiple mechanisms. This domain mediates Bif-1a\'s association with the mitochondrial membrane to affect mitochondrial outer membrane permeabilization and promote mitochondria-mediated apoptosis \[[@bb0040]\]. This Bif-1a recruitment to the mitochondrial membrane is further strengthened by apoptotic stimuli \[[@bb0030],[@bb0055]\]. Additionally, the N-BAR domain is also responsible for its protein interactions with and activation of Bax, a member of the Bcl-2 family with pro-apoptotic activities \[[@bb0040]\]. Furthermore, Bif-1 uses the N-BAR domain to interact with the intracellular membrane and induce membrane curvature to control the formation of autophagosome in response to nutrition deprivation \[[@bb0155]\]. These findings led us to propose that altered conformation of the N-BAR domain in Bif-1b and Bif-1c by RNA splicing may abolish Bif-1 recruitment to mitochondria or intracellular membrane, or Bif-1 protein interaction with Bax, resulting in protection of cells from therapy-induced cell death. This hypothesis is supported by previous studies showing that SRRM4 regulated RNA splicing during neurogenesis targets "microexons", which alter the protein interaction domains of the targeted genes to influence their functions \[[@bb0050]\].

Alternative RNA splicing of the Bif-1 gene by SRRM4 further supports the idea that SRRM4 is a t-NEPC driver gene. SRRM4 was identified by its functions in regulating a t-NEPC specific RNA splicing signature in patient samples \[[@bb0095]\]. Upregulation of SRRM4 expression levels in t-NEPC had also been demonstrated by using RNA-seq and gene microarray analyses \[[@bb0025],[@bb0185]\]. Because SRRM4 antibodies for IHC are not available, we have recently developed RNA in situ hybridization techniques to demonstrate that SRRM4 expression has high sensitivity and specificity to detect t-NEPC in castration-resistant prostate tumors (unpublished data; Y Li et al.). SRRM4 upregulation was also observed in AdPC with overt NE biomarker expression and NE-like morphological changes. RNA splicing of the Bif-1 gene by SRRM4 supports the multi-functional properties of SRRM4 in driving t-NEPC development. SRRM4 inhibit the expression of REST \[[@bb0095]\] and FoxA1 \[[@bb0060]\] transcription factors that can promote neuroendocrine differentiation of AdPC cells. SRRM4 can also regulate RNA splicing of MEAF6 histone acetyltransferase to stimulate PCa cell proliferation and invasion \[[@bb0070]\]. In this study, we further demonstrated that SRRM4 confers anti-apoptotic properties of PCa cells when under anti-cancer therapies through Bif-1 gene splicing.

Our studies revealed that not only androgen deprivation, but also camptothecin and UV light irritation induced neuroendocrine differentiation of LNCaP AdPC cells (Fig. S3b). In addition, AdPC cells were reported to acquire NE marker expression and NE-like morphology by cAMP, IL6, hypoxia, and radiation treatments \[[@bb0015],[@bb0035],[@bb0135],[@bb0190]\]. These findings indicate that there are multiple signaling pathways that promote AdPC cell differentiation toward NE lineage. However, gaining anti-apoptotic ability of cancer cells under various anti-cancer therapies will be the initial step that permits t-NEPC development, during which process SRRM4 regulated Bif-1 splicing may play an important role ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6A schematic diagram proposes a model of SRRM4 and Bif-1 in promoting t-NEPC development.Fig. 6

In conclusion, upregulation of the neural-specific RNA variants of the Bif-1 gene confers PCa cell resistant to therapy-induced apoptosis during AdPC progression to t-NEPC.
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